BaCkground: The aim of this study was to analyze and compare objective and subjective accommodation in patients after bilateral implantation of the FDA-approved accommodating Crystalens Advanced Optics (AO).
introduCtion
Ongoing developments in cataract surgery and intraocular lens (IOL) technology currently enable good visual acuity to be achieved almost as a matter of course following removal of the cloudy lens and implantation of an artificial lens in most patients who are free from ocular co-morbidities. One by no means inconsiderable side-effect of the procedure is a loss of accommodation, even though most patients have already lost this ability long before cataract surgery [1] . The clinical research community and industry alike have made it their goal to enable pseudophakic patients to achieve as much spectacle independence as possible. To this end, a range of strategies has been pursued. Most of these currently involve the use of multi-focal lenses www.journals.viamedica.pl/ophthalmology_journal that incorporate a distance and a near range. However, such lenses have adverse side-effects, such as glare [2] and reduced contrast sensitivity [3] . An altogether different approach is embodied in the Crystalens AO, an FDA-approved "accommodative" IOL (Bausch & Lomb, Rochester, NY/USA). This model was developed following reports that the ciliary muscle retains its ability to contract even in old age [4] . Previous studies have shown that pharmacologically-induced contraction of the ciliary muscle is associated with the movement of different models of IOLs in pseudophakic eyes [5] . This posterior to anterior translocation has been intentionally exploited in the design of the Crystalens AO. According to the manufacturer, in addition to the movement already referred to, a change in the curvature of the lens (a phenomenon is known as "arching") also plays a role in the functionality of the optic. In addition, there is a group of patients who, despite having a monofocal IOL, achieve good spectacle-independent distance and near visual acuity. Pseudoaccommodation (which is contributed to by factors such as miosis and slight myopic astigmatism that are independent of the implant model used) plays a role in these patients. The aim of this study was to investigate subjective accommodation and objective signs of the accommodative action of the IOL in patients after bilateral implantation of the Crystalens AO.
Materials and Methods
The Crystalens AO was implanted into 8 eyes of 4 patients (aged 64-74 years) at the Department of Ophthalmology, University of Rostock, Germany. It was performed in accordance with the Declaration of Helsinki. Exclusion criteria were ocular co-morbidities and corneal astigmatism greater than 0.75 diopters. After standard phacoemulsification, as recommended by the manufacturer, with a capsulorhexis of 5.5 mm, the IOL was implanted through a clear corneal incision created at the steepest meridian so as to be as astigmatically neutral as possible. The capsule was polished extensively following removal of the cortex. Postoperative treatment was performed with topical ofloxacin (Bausch & Lomb) and prednisolone (Dr Winzer Pharma, Berlin, Germany). Informed consent was obtained prior to surgery. The refractive power of the IOL was calculated using the SRK/T formula. Emmetropia was targeted. The postoperative follow up was 6 months.
preoperative exaMination
The preoperative examination included tests for distance visual acuity (ETDRS chart at 4 m) and near visual acuity (Jäger chart at 40 cm), detailed slit-lamp examination of the anterior segment, as well as funduscopy. Topographic corneal measurements were performed with a Pentacam (Oculus, Wetzlar, Germany) to filter out patients with corneal astigmatism greater than 0.75 diopters, and axial lengths were determined using an IOL Master (Zeiss-Meditec, Jena, Germany). The intrcular pressure was measured by applanation tonometry.
partial CoherenCe interFeroMetrY
Pseudophakic anterior chamber depth (ACD) was measured with the AC-Master (Zeiss-Meditec, Jena, Germany), a modification of the IOL Master, using the principle of partial coherence interferometry (PCI). The non-measured fellow eye was occluded, and the patient fixated on a distance target and a near target, both provided within the device. The mean value from at least 3 measurements was calculated. As well as determining the pseudophakic ACD of the eye under various stimuli, attempts to measure accommodation in pseudophakic eyes have also been made using video-skiascopy [6] and autorefractors [7] . Ultrasound may be employed as an alternative to laser interferometry for measuring ACD, but the resolution and precision of PCI are higher by a factor of 20 than with conventional ultrasound [8] .
WaveFront aBerroMetrY
Aberrations were measured using the iTrace aberrometer (Tracey Technologies, Houston, Texas), which utilizes the principle of ray tracing. The major advantage of the aberrometer is that the patient can fixate on targets through the same aperture as that through which the measurement is simultaneously conducted. Here, too, monocular measurements were performed and the non-measured eye was occluded. For distance measurements, the patient fixated on an ETDRS chart at 4 m and for near measurements on a Jäger panel at 40 cm. Distance measurements were performed at an illumination of 30 cd/m 2 , and the near measurements at 30 cd/m 2 and 3 cd/m 2 . The aberrometer was used in automatic mode to guarantee precise centring of the measured field. In purely manual mode there would have been the potential for the measured field to be decentralized, leading to measurement errors due to the configuration of the Crystalens www.journals.viamedica.pl/ophthalmology_journal AO (a central elevation of 3 microns and an area of 1.5 mm). The 0-44 th order wavefront error was extracted and distance and near measurements were statistically compared. In addition to recording the wavefront error, the aberrometer also determined pupil size. 
visual aCuities

deFoCus Curves
The best-corrected distance visual acuity (DCVA) was determined. Defocus was conducted in randomized 0.5 diopters (D) steps [9] . Binocular defocus was also tested under these conditions. To eliminate any learning effect, two different ETDRS tables were presented and patients were asked to read the lines forward or backwards alternately.
statistiCal analYsis
For statistical reasons, mean values for both eyes of each patient were calculated from the individual measurements, and these mean values were analyzed using Student's t-test for dependent samples.
results visual outCoMes
At 6 months after implantation all patients showed improved distance visual acuity (mean pre-operative: 0.36 ± 0.09 logMAR; mean post-operative: -0.08 ± 0.05 logMAR). This improvement was statistically significant (p = 0.005). The mean spherical equivalent for all eight eyes was -0.48 ± 0.39 D, and the mean IOL power of all implanted lenses was 19.06 ± 1.4 D (17.50-20.75 D). One patient required distance spectacles. This patient had a correction of -0.75 sph/-0.50 cyl 100° in the right eye and -0.25 sph/-0.75 cyl 80° in the left eye and had binocular distance vision of 20/20 without glasses. With this correction, he achieved 20/12.5, which he found to be more comfortable. All patients reported that they were able to read newspapers without spectacles and that they only used reading glasses in conditions of poor light. Table 1 contains details of the mean visual acuities, with respective standard deviations, for all four patients. Figure 1 compares the mean values for monocular defocus curves under photopic and mesopic conditions. Visual acuity under photopic conditions was significantly better than under mesopic conditions at a defocus of -3.5 D (photopic: 0.68 ± 0.14 log-MAR; mesopic: 0.75 ± 0.11 logMAR; P=0.031) and -0.5 D (photopic: -0.04 ± 0.08 logMAR; mesopic: 0.001 ± 0.08; p = 0.048).
deFoCus Curves
Under photopic conditions at a defocus of -2.5 D (Fig. 2) , binocular visual acuity (0.22 ± 0.09 log-MAR) was significantly better (p = 0.037) than monocular visual acuity (0.34 ± 0.08 logMAR). Figure 3 compares the mean values for monocular and binocular defocus curves under mesopic conditions. Binocular visual acuity was significantly better than monocular visual acuity at a defocus of -1.5 D (monocular: 0.23 ± 0.10 logMAR; binocular: -0.007 ± 0.07 logMAR, p = 0.039) and -2.5 D (monocular: 0.42 ± 0.11 logMAR; binocular: 0.30 ± 0.08 logMAR; p = 0.032).
At a defocus of +1 D (Fig. 4) , the binocular defocus curves were significantly better (p = 0.005) under photopic conditions (0.09 ± 0.15 logMAR) than under mesopic conditions (0.18 ± 0.16 logMAR). 
suBJeCtive aMplitude oF aCCoMModation
The subjective amplitude of accommodation (Fig. 5) was determined using the defocus curves. The range of defocusing over which the patient's visual acuity remained stable over 2 lines (or logMAR 0. 
stiMulus-driven Change in aCd in the pseudophakiC eYe
The mean ACD was 4.48 ± 0.14 mm during fixation on a distance target and 4.49 ± 0.13 mm during fixation on a near target. The mean change of -0.010 ± 0.008 mm was not statistically significant (p = 0.116).
Change in pupil diaMeter
Pupil size was derived from the aberrometry data: in each case, the horizontal and vertical diameters were measured and the mean was formed. Mean pupil diameter during distance gaze was 3.34 ± 0.3 mm under photopic conditions; during fixation on the Jäger chart, it was 3.27 ± 0.4 mm under photopic conditions and 3.99 ± 0.4 mm under mesopic conditions. The difference between the distance and near set-ups in the photopic range was not significant (p = 0.52). A statistically significant increase in pupil diameter was observed in the near set-up under mesopic conditions (p = 0.009).
WaveFront aBerrations
Wavefront measurements were performed in all eight eyes during fixation on a distance target (ET-DRS chart at 4 m) and a near target (Jäger chart at 40 cm). The aberrations of both eyes for each patient were averaged and the mean values for all patients were compared under different conditions. Comparison of mean aberrations during distance vs. near fixation revealed no statistically significant differences, although trends were noted for Z 14 (p = 0.066), Z 17 (p = 0.084), and Z 18 (p = 0.066), respectively. Similarly, no statistically significant differences were found when mean aberrations were compared under near mesopic vs. near photopic conditions.
disCussion
The newest strategies for spectacle independence in pseudophakic patients include multifocal lenses, accommodating lenses and monovision, all of which have advantages and disadvantages. Halo and glare have occurred significantly more often following implantation of multifocal lenses compared with monofocal lenses [10] , and in rare cases, these phenomena may even necessitate explantation. Contrast sensitivity is also impaired to some degree. A further option is offered by the concept of monovision, which demands high-precision biometry because stereoscopic vision is diminished beyond a certain amount of anisometropia. According to Hayashi et al. [11] , approximately 1.50 D of anisometropia is regarded as optimal for successful monovision without degradation of stereoscopic vision. Another concept is mini-monovision following implantation of the Tecnis 1-Piece IOL (Abbott Medical Optics Inc., Santa Ana, CA), Wittpenn [12] has reported on 26 patients, 89% of whom had uncorrected binocular distance visual acuity of 20/25 or better and 92.3% had uncorrected near visual acuity of J3 or better. Target refraction was plano to -0.25 D In the present study of subjective and objective signs of accommodation with the Crystalens AO, distance and near visual acuities were found to be improved in all patients compared to pre-operative status. When the change in ACD was measured during visual stimulation, there was no significant change suggestive of forward movement and, on average, there was minimal, non-significant backward movement. Koeppl et al. [13] also reported a significant backward shift with the predecessor of the Crystalens AO, the AT-45, when the ciliary muscle was pharmacologically stimulated with 2% pilocarpine. However, that effect was pharmacologically induced and therefore considerably greater than the expected effect of visual stimulation in our study. With other implant models, pharmacological stimulation has also been found to be more powerful than visual stimulation. In studies with the 1CU (marketed by HumanOptics as an accommodating IOL), forward movement of 370 ± 290 microns was reported after application of 2% pilocarpine, whereas visual stimulation failed to trigger any significant shift [14] .
An increase in the vitreous pressure gradient has also been suggested as a possible cause of this movement. This gradient is also thought to increase in response to contraction of the rectus medialis during the convergence reaction [15] . In the present study, occlusion of the fellow eye for the wavefront and ACD measurements has possibly eliminated this component.
As in other studies with accommodating IOLs [16] , subjective accommodation was also determined in the present study. During monocular testing, a significant decrease in the amplitude of accommodation was found under mesopic conditions compared with photopic conditions. This was associated with a significant increase in pupil diameter and a resultant decrease in the depth of field. Binocularity is able to compensate for this effect in part. The subjective range or amplitude of accommodation is usually overestimated relatively to objective measurements with the AC-Master and aberrometer [17] . Objective refraction measurements derived from our aberrometry data did not reveal any statistically significant change in the four patients investigated here.
In addition to pupil size, there is evidence to indicate that other factors also play a role in pseudoaccommodation. Thus, coma-like aberration has been reported to show a significant positive correlation with accommodation or pseudoaccommodation in pseudophakic eyes [18] . The presence of against-the-rule astigmatism has also been shown to have some benefit for near visual acuity [19] .
It may be that the Crystalens AO also generates slight multifocality: centrally the IOL optic includes a 1.5-mm-diameter modification that adds 3 μm of thickness and provides a small degree of negative spherical aberration (information supplied by Bausch & Lomb, Rochester, NY) [20] . This modification could not be visualized by wavefront aberrometry in the present study. All the aforementioned factors may contribute to good uncorrected near visual acuity, although the objective measurements performed here did not yield evidence to suggest an active accommodative process. In all four patients studied, the reading ability was achieved, with one patient requiring spectacles for distance vision. In the study conducted by Alió et al [21] . comparable optical quality with significantly improved uncorrected near visual acuity was obtained with the Crystalens AO compared with a monofocal lens.
To date, no significant, reproducible axial movement has been detected with the Crystalens AO during visual stimulation, despite good results in terms of near visual acuity. The objective measurements carried out here showed no evidence of an active accommodative action of the Crystalens AO. Strategies such as mini-monovision may provide similar results with monofocal IOLs.
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